A novel three-step technology for treatment of four molasses-based raw industrial effluents, varying in their COD, color and turbidity is reported here. Sequential steps involved in this treatment are; 1) sonication of the effluents, 2) whole-fungal treatment of these by a ligninolytic marine fungus and 3) biosorption of the residual color with heat-inactivated biomass of the same fungus. Sonication reduced the foul odor and turbidity of the effluents. It increased biodegradability of the effluents in the second stage of treatment. Laccase production in the presence of all the four effluents was directly correlated with their decolorization. After the third step, a reduction of 60-80% in color, 50-70 % in COD and 60-70 % in total phenolics were achieved. Comparative mass and nuclear magnetic resonance spectra indicated increasing degradation of the effluent components after each stage. Toxicity (LC 50 values) against Artemia larvae was reduced by two to five folds.
Introduction
Wastewaters containing molasses are generated by distilleries, fermentation industries, sugar mills and other molasses-based industries. These contain melanoidin polymers which are the product of Maillard reaction between the amino acids and carbonyl groups in molasses. With their high biochemical and chemical oxygen demand, these effluents are environmental hazards. When released in water bodies they cause oxygen depletion and associated problems, and/or if released in soil they reduce the soil alkalinity and manganese availability, inhibit seed germination and affect vegetation. Besides causing unaesthetic discoloration of water and soil, melanoidin pigments are also toxic to microorganisms present in soil and water (Mohana et al., 2009 , Agarwal et al., 2010 . Dark brown color of these effluents is highly resistant to microbial degradation and other biological treatments. Anaerobic digestion of effluents produces dark brown sludge which is used as fertilizer and the colored waters are discharged after diluting them several folds with water. Thus ultimately fresh water resource which is a precious commodity in most parts of the world is wasted.
Bioremediation of melanoidin-containing waste waters with white-rot fungi and their lignindegrading enzymes have been reported (Gold and Alic, 1993; Thakker et al., 2006) . These ligninolytic enzymes are non-specific in their substrate requirement. Besides degradation of lignin from vascular plants, they are involved in degradation of various recalcitrant compounds such as polychlorinated biphenyls, chlorinated phenolic compounds, polycyclic aromatic hydrocarbons, pesticides and dyes. The extremely wide range of degradative activity is dependent on the lignin-degrading enzymes, lignin peroxidase (LiP), manganese peroxidase (MnP), laccase and H 2 O 2 -producing enzymes (Gold and Alic, 1993) . Several bacterial systems have also been reported to decolorize and reduce COD of distillery spent wash (see ref in Mohana et al., 2009) . Adsorption through activated carbon or organic resin is the most common practice, in spite of the high costs involved. Biosorption, an alternative to physicochemical treatment is recommended by several researchers for treatment of colored effluents. Live or dead microbial biomass of algae, yeast, bacteria and fungi has been used for this purpose (Satyawali and Balakrishnan, 2008) . However, dead microbial biomass is preferred because they do not pose health risk by their presence or their toxins and are in turn not affected adversely by the toxic effluents. Microbial bioadsorbants have been used for removal of heavy metals (Gadd, 2009) , dyes (Prigione et al., 2008) and hazardous organic pollutants (Aksu, 2005) . The process of biosorption is reported to be governed by type of membrane lipids (Kennedy and Pham, 1995) , pH and hydrophilicity (Bayramoğlu and Arica, 2007) .
Another method reported in treatment of industrial and domestic wastewater is application of ultrasound (sonication) which is an advanced oxidation method (Sangave et al., 2007) . Sonication causes formation of gaseous bubbles or vaporous cavities in a liquid. These subsequently collapse violently causing increase in temperature and pressure locally at several points in a reactor resulting in the formation of reactive hydrogen atoms and hydroxyl radicals. These two combine to form hydrogen peroxide which promotes oxidation reactions and is responsible for the destruction of refractory compounds. Sonication is generally performed as a pre-oxidation step before biological treatment as it is reported to increase biodegradability (Sangave and Pandit 2006) . However, its effect on decolorization of industrial effluents has not been reported.
Individually, these methods of treatment have their limitations and therefore, a combined approach was attempted on laboratory scale. This paper describes a three-step sequential treatment of four molasses-based raw effluents using a combination of 1) ultrasound-induced acoustic cavitation, 2) whole fungal culture-treatment using the marine-derived ligninolytic fungus, NIOCC #2a followed by, 3) biosorption of the residual color with heat-inactivated wet biomass of the same fungus.
Bioremediation was monitored after each step by estimating reduction in color, COD and phenolics and detoxification by toxicity test with brine shrimp Artemia as a test organism. Spectrophotometric and mass spectrometric analyses after each step of treatment were also carried out to follow degradation and transformation of the effluents.
Material and Methods

Waste Water
Four molasses-based raw effluents were used for this study (Table 1) . Reverse Osmosis Feed (ROF) and Reverse Osmosis Reject (ROR) were provided by Jeypore Sugar Co. Ltd., Chagallu, Andhra Pradesh, India. Conventional aeration tank inlet (CAT I) and Conventional aeration tank outlet (CAT O) were provided by the Emmellen Biotech Pharmaceuticals Ltd., Mahad, Maharashtra, India.
Physico-chemical analyses of waste waters
All the four effluents were centrifuged at 8000 rpm for 15 minutes before further analysis. The analysis for different physico-chemical parameters of waste waters was accomplished (Table 1) The effluents were stored at 4 o C in the dark. The working concentration of these effluents was adjusted to A 475 =3.5.
Sonication and analysis of the effluents
Sonication was carried out using ultrasonic horn (Labsonic M, Sartorius, Germany) with an operational frequency of 30 kHz and calorimetric energy efficiency of 600 M cm -2 . Sonication of the effluents (40 ml in 100 ml Schott Duran bottle) was carried out for 30 min at 100 % amplitude using a 2 mm titanium probe. Sonicated effluents were analysed for the reduction in turbidity, color, COD, total phenolics and toxicity. Absorbance spectra (200-800 nm) of the effluents before and after sonication were compared.
Test Organism and culture conditions
The basidiomycetous fungus NIOCC #2a isolated from decaying mangrove wood was maintained on Boyd and Kohlmeyer (B & K) agar medium (Kohlmeyer and Kohlmeyer, 1979) 
Decolorisation by the whole fungal culture and partially purified laccase
The white-rot fungus was grown in B & K broth (20 ml in 100 ml Erlenmeyer flasks) for 7 days.
The fungal biomass after rinsing to remove the residual medium was homogenized in sterile sea water in Omni Macrohomogenizer (No.17505, Marietta, GA, USA) for 5 s. The mycelial suspension (10 %, v/v) was used for inoculating 20 ml of low nitrogen (LN) medium (D'Souza-Ticlo et al., 2006) . After six days of growth under stationary condition, unsonicated and sonicated effluent as specified in the section 2.3 were added to the culture broth under aseptic condition. Before addition the pH of the effluents was adjusted to 5.0 with 0.1 M sodium acetate buffer. Decolorization of the effluents in the culture supernatants was monitored at 475 nm after appropriately diluting with 0.1 M sodium acetate buffer at pH 5.0 (Ohmomo et al., 1988) on day 0, 3, 6 and 9. Decrease in absorbance with respect to that of abiotic control was used for calculating % decolorization. Triplicate cultures were maintained for each treatment. The fungal biomass was collected on day 9 after centrifugation of the culture at 5000 rpm for 10 min and was washed twice with distilled water to remove the salts. It was lyophilized and the dry weight was estimated. The difference between the biomass without and with effluents was calculated in percentage.
In vitro decolorization was performed using partially purified laccase. Culture filtrate (500 ml) from 12-day old culture of NIOCC #2a was concentrated with YM3 membrane (Millipore, USA). The concentrate after filtering through a 0.22 μm filter was applied to High Load 16/60 Superdex 75 preparative grade column and eluted with 0.2 M Na acetate buffer (pH 4.5), containing 1.0 M KCl at a flow rate of 1 ml min -1 using a fast protein liquid chromatography system (Amersham Biosciences, Sweden). The fraction showing maximum absorbance at 280 nm and laccase activity was collected and concentrated using Amicon Ultracentrifugal filter tubes with 3 kDa cut off membrane. The effluents were diluted appropriately with 0.1 M sodium acetate buffer (pH 5.0) and were incubated with 50 U of partially purified laccase at 30 o C and 100 rpm. Change in the color was monitored periodically as described above.
Estimation of lignin-degrading enzymes in the whole fungal culture
The activity of the lignin degrading enzymes, lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase was measured in the culture supernatants of NIOCC #2a grown in the absence and presence of sonicated and unsonicated effluents on day 0, 3, 6 and 9. Activity of LiP was determined by measuring the rate of oxidation of veratryl alcohol to veratraldehyde in the presence of H 2 O 2 (Tien and Kirk, 1988) . Activity of MnP was determined by measuring the rate of oxidation of veratryl alcohol to veratraldehyde in the presence of Mn and H 2 O 2 (Paszczynski et al., 1988) . Laccase was assayed by measuring oxidation of 1 mM ABTS (2,2'-azino-bis-(3-ethylbenzothazoline-6-sulfonate) at 405 nm (Niku-Paavola et al., 1988) . Units were calculated as μM of the substrate transformed minute -1 litre -1 of culture supernatants and expressed as U l -1 .
Fungal biomass preparation for biosorption
The culture supernatants containing effluents were further subjected to biosorption using the fungal biomass of NIOCC #2a as follows. The culture was grown in LN medium. After six days, the growth medium was decanted and the biomass was rinsed several times with distilled water to remove the residual medium and inactivated in NaCl solution (9 g l -1 ) by autoclaving at 121 o C for 15 min. The biosorption studies were carried out with; 1) wet biomass (equivalent to 0.5 g dry weight), after squeezing through cheese cloth to remove water, 2) 0.5 g lyophilized biomass and 3) 0.5 g of lyophilized powdered biomass (100-200 μm). These were separately introduced in 100 ml Erlenmeyer flask containing 20 ml of whole culture-treated supernatant. Effluents without fungal biomass served as control. The flasks were incubated at 30 o C and 100 rpm. Change in color, COD, total phenolics and toxicity were estimated at regular intervals after centrifugation at 5000 rpm for 10 min.
Toxicity test
Toxicity test of the effluents after each step of treatment was carried out. Treated and untreated effluents were serially diluted with 0.22 µm-filtered seawater. Bioassay was carried out in disposable multiwell test plate with 24 (6x4) test wells. The nauplii (10 organisms) were incubated in the suitably diluted effluents at room temperature in the dark and mortality was estimated after 24 h. Lethal concentration that resulted in 50 % mortality (LC 50 value) by 24 h was calculated with 95 % confidence limits with the aid of computer program EPA Probit analysis, version 1.5, (Finney, 1971 ).
Analytical methods
Total phenolics were measured using Folin-Ciocalteau method and calculated in g L -1 (Singleton and Rossi, 1965) . Catechol (Sigma Chemicals, Mo, USA) was used as the reference standard. The reduction in total phenolics was expressed in percentage.
Chemical oxygen demand ( Fourier transform infra-red spectra (FTIR) of lyophilized fungal mycelium of NIOCC #2a, before and after various steps of treatment, were recorded between 4000 and 700 cm -1 using FTIR (model 8201PC, Shimadzu, Japan) with 4 cm -1 resolution. Pellets were prepared by mixing 5 mg of lyophilized mycelia with 50 mg KBr (dried at 105 o C for 72 h) using DRS (diffused reflectance spectroscopy) accessory.
Statistical analyses
The significance of the results obtained was evaluated by one-way analysis of variance (ANOVA) and Tukey post-hoc using the software Prism Pad 5 for Windows (version 5.03).
Results and Discussion
The four effluents differed significantly in their COD content, color units and turbidity (Table 1) .
As per the information furnished by the concerned industries, ROF and ROR were reverse osmosis feed and rejects respectively. CAT I and CAT O were anaerobically digested, while CAT O was further subjected to aerobic digestion.
Effect of sonication on the effluents -Step 1
Acoustic irradiation (sonication) removed the foul odor of the effluents significantly and reduced the turbidity by 10-40 %. However, there was no reduction in COD, color, total phenolics and toxicity.
A reduction in the absorbance in UV region was observed but the pattern of the spectra remained unchanged. There was negligible change in the absorbance or spectral pattern in the visible region ( Fig.   1 ).
Low-frequency ultrasound treatment (sonication) alone cannot mineralize the pollutants and the time-scale and energy requirement makes it cost prohibitive and unfeasible. However, wastewater treatment using sonication in combination with other conventional oxidation methods is recommended (Sangave et al., 2007; Sangave and Pandit, 2006) . Pre-treatment of distillery waste water with sonication has been shown to increase the biodegradability during conventional aerobic oxidation (Sangave and Pandit, 2006) and reduce the toxicity of the original effluent (Gonze et al., 1999) . In our study, sonication alone was not effective in reducing color, COD, total phenolics and toxicity .
Bioremediation of the effluents with the whole fungal culture -Step 2
Whole culture of the ligninolytic fungus NIOCC #2a was chosen in the step 2 treatment for the following reasons; 1) Molasses waste waters contain reducing sugars which can easily be utilized by the live fungus for its growth and enzyme production, 2) Incubation period of nine days in the step 2 was to provide maximum allowance for enzymatic degradation of the effluents. Experiments were conducted by addition of unsonicated and sonicated effluents separately to the 6-day old culture of the marine-derived fungus NIOCC #2a. No significant change in the pH was observed during the incubation period. Dry biomass of the fungus increased by 5-10 % in the presence of various effluents. Reduction in color, COD and phenolic content were significantly greater in the culture supplemented with sonicated effluents (see the P values in Table 2 ). The reduction in color in the culture supernatant supplemented with unsonicated effluents ranged from 20-30 % whereas it was 40-60 % in sonicated effluents. Similarly, COD reduction in unsonicated and sonicated effluents was in the range of 30-50 % and 50-70 % respectively. Total phenolics were reduced in the range of 25-45 % in unsonicated effluents whereas in sonicated effluents it ranged from 50-65 % (Table 2 ). Besides color, toxicity of molasses-based effluents is a major concern for environmental remediation. Toxicity as estimated by LC 50 values against Artemia larvae was reduced 2-3 folds. In particular, sonicated ROF and CAT I showed greater reduction in toxicity than the unsonicated ones (Table 3) .
Production of MnP and laccase were initially inhibited in the effluent-supplemented cultures but laccase steadily increased to overcome this inhibition by day 3-6 ( Fig. 2 ). There was a positive correlation between decolorization and laccase production (Fig. 2) in the presence of all the effluents (the P value being 0.001) whereas it was negatively correlated with MnP production (P=(-)0.001).
Production of LiP was negligible in this fungus and was totally inhibited in the presence of the effluents.
However, these results do not confirm the involvement of laccase in in situ decolorization, as stress conditions such as pollutants are known to induce laccase production. Therefore, an in vitro study was conducted using partially purified laccase for decolorization of these effluents. An overall 16-18 % decolorization was achieved in 12 h (data not shown). Involvement of several other factors besides laccase in in vivo decolorization cannot be ruled out. González et al. (2008) reported a direct correlation between decolorization of melanoidin fractions and molasses waste water with that of laccase production in Trametes sp I-62. In an earlier study using another marine-derived fungus NIOCC #312, decolorization of molasses spent wash was reported to be directly correlated with glucose oxidase production (Raghukumar et al., 2004) .
Intracellular sugar oxidase enzymes were considered to play a major role in decolorization of molasses spent wash in Coriolus sp. No. 20 (Mohana et al., 2009 ). Thus, it appears that the enzyme system responsible for decolorization of specific effluent varies from fungus to fungus.
Although laccase production was repressed immediately after addition of the effluents (day 0) the fungus overcame this inhibitory effect and its production increased by several folds by day 3 itself (Fig. 2) . These nutrient-containing effluents might prolong the primary phase of the fungal growth which would ultimately delay laccase production. On the contrary, induction of laccase by molasses spent wash and melanoidin fractions in several white-rot fungi has been reported (D'Souza-Ticlo et al.,
2006; González et al., 2008) . As hypothesized by González et al. (2008) (Terrón et al., 2004) . In the presence of synthetic melanoidin pigments, activity of the partially purified laccase of NIOCC #2a increased (data not shown).
Thus besides increased production, induction in laccase activity per se was observed in this fungus in the presence of the molasses-based effluents. The above results confirm that laccases are induced in fungi under stress conditions. Further, sonication also might exert a positive influence on the oxygendependent laccase activity as it helps in degassing and removal of H 2 S from the effluents. Fungal enzymes that are not inhibited in the presence of industrial effluents may make them good candidates for bioremediation.
In the present study it was noticed that after addition of the effluents, the fungal mycelia turned dark brown in color. In the whole fungal culture treatment, biosorption by the live mycelia would also be playing a role in removal of color from the culture broth to a certain extent. The FTIR spectra of the fungal biomass before and after treatment were recorded and the band positions of the main functional groups are listed in Table 4 . Fourier transform infra-red analysis of all the biological sorbent materials show intense absorption bands around 3500 -3000 cm -1 , representing stretching vibrations of hydroxyl and/or amino groups (Bayramoğlu and Arica, 2007) . Unloaded fungal biomass (NIOCC #2a) had intense peaks at a frequency level of 3500-3200 and 1533.3 cm -1 representing amino groups stretching vibrations. Mycelia in the Step 2 treatment at 0 h (immediately after addition of the effluent) showed no change in this peak (Table 4) . Lowering of band to 3271 cm -1 at 24 h suggested slow adsorption of the effluent. The shift in the peak to 3290.3 cm -1 by day 9 may be attributed to desorption/degradation of the adsorbed effluent. The extracellular ligninolytic enzymes would be simultaneously biodegrading and mineralizing the colored compounds (Park et al., 2007) . The changes observed in the spectra of unloaded biomass and different stages of loaded biomass may indicate that several other functional groups are also responsible for biosorption of the effluent components (Table 4) .
Further bioremediation by biosorption -Step 3
The culture supernatants containing effluents from step 2 were subjected to biosorption for removal of the residual color using a fresh batch of biomass of the same fungus. We compared biosorption using heat-inactivated 1) wet biomass, 2) lyophilized biomass and 3) lyophilized powdered biomass. The first method yielded maximum removal of both color and COD whereas, the other two methods resulted in increase in COD without decreasing the color. This may have happened due to release of cellular contents during the drying process of the mycelia. Tigini et al. (2010) also observed an increase in COD in several of textile effluents using similar methods.
Adsorption by the wet biomass reached its equilibrium by 2 h. The reduction in color in unsonicated effluents after biosorption increased up to 50-55 % whereas in sonicated effluents the increase was even greater, being up to 60-80 % ( Table 2 ). The percentage COD and total phenolics reduction also increased significantly. Toxicity of the unsonicated as well as sonicated effluents after biosorption was not significantly reduced from
Step 2 except in CAT O (Table 3) . Over all reduction in toxicity was comparatively higher in the sonicated effluents than in the unsonicated effluents except in
The FTIR spectrum of the effluent-loaded biomass during
Step 3 treatment showed lowering of the band corresponding to the amino group up to 3247.9 cm -1 due to -CH stretching vibrations (Table 4 ).
The carboxyl chelate stretching vibrations of amide I band was observed at 1681.8 and 1691.5 cm -1 for unloaded and effluent-loaded biomass respectively. An absorption band at 1533.3 cm -1 of the unloaded biomass can be attributed to amide II band. This band slightly shifted to 1537.2 cm -1 in the effluent loaded biomass. No shifting in the absorption band at 1240.1 cm -1 was noticed. An intensity decrease and a slight band shifting from 1076.2 to 1078.1 cm -1 relates to P=O stretching and P-OH stretching vibrations. New absorption bands appearing between 700-900 cm -1 for the effluent-loaded biomass may be attributed to the aromatic -CH-bending vibrations. An over all shift and change in the intensity of several functional groups indicate their relevance in biosorption.
The use of dead biomass for biosorption has several advantages, as they do not require nutrients for growth, will not be inhibited by the toxic effluents and there is no fear of their pathogenicity or toxins (Prigione et al., 2008) . Heat-inactivation of biomass increases hydrophilicity of the surface (Bayramoğlu and Arica, 2007) . Autoclaved fungal biomass (2 g wet weight) of Aspergillus oryzae strain Y-2-32, removed 65 % of melanoidin pigments within 4 days by adsorption (Ohmomo et al., 1988) .
Biosorption potential of microbial exopolymeric substances (EPS) is well known (Gadd, 2009 ).
Basidiomycetous fungi are reported to produce large amounts of EPS (Smith et al., 2002) . These polymeric substances form a sheath around fungal hyphae. They are highly hydrophilic and become gellike by absorbing water (Bes et al., 1987) . Additionally, microbial biomass acts as an ion exchanger by virtue of reactive groups available on the cell surfaces (Gadd, 2009) . Mucoraceous fungi rich in chitosan are a good source of biosorption of dyes (Prigione et al., 2008) , similarly the white-rot fungi with their high EPS content might offer a novel source of biosorption of industrial effluents. The basidiomycetous fungus NIOCC #2a produced 2.3 g of EPS L -1 of the LN medium. It showed CNS (Carbon:Nitrogen:Sulphur) ratio of 4.5:0.76:10, and therefore appeared to be sulfated polysaccharide . The EPS forms aggregates around fungal mycelium and stains with alcian blue . The heat-inactivated mycelia of NIOCC #2a also stained with alcian blue indicating that EPS was not affected by autoclaving. Thus, it might play a role in biosorption of melanoidin pigments in the present study. Bayramoğlu and Arica, (2007) reported biosorption of textile dyes by the white-rot fungus Tremetes versicolor, although the role of EPS was not mentioned.
Mass Spectrometry and NMR analysis
In order to support the above data, spectrometric analyses was carried out. Step 3 indicating biosorption of the degraded components.
The NMR spectra after each stage of treatment showed reduction in the intensity of chemical shifts in the region of 7-9 ppm. This region attributes to the aromatic nature of the effluent. After sonication, a change in aliphatic components occurred as was evident by appearance of additional chemical shifts in the range of 0-3.7 ppm. Besides, the chemical shift δ 8.4 disappeared completely.
After step 2, the number of peaks in the range of 0-3.7 ppm increased. Of these peaks, δ 0.7 and 1.2 were contributed by the fungal metabolites as confirmed by H 1 NMR of the culture supernatant of NIOCC # 2a (data not shown). The intensity of these peaks decreased and chemical shifts at δ 7.8, 7.4 and 7.2 disappeared completely after step 3. Aromatic compounds are some of the major contributors of toxicity (Raghukumar et al., 2004) . According to NMR data, we observed a substantial decrease in aromatic character of the treated effluent. Sonication reduced the absorbance of the effluents in the UV region which may be attributed to a reduction in aromatic compounds as suggested by Beltran et al. (2000) . This was further confirmed by disappearance of chemical shifts in the H 1 NMR spectra.
Molasses-based effluents containing high COD and color are some of the most difficult effluents to treat. Each method has its own advantages and disadvantages and therefore a combination of different techniques would help in resolving this problem. Low frequency sonication for a short duration is an eco-friendly and cost-effective approach. Sonication combined with cellulase treatment (Sangave and Pandit, 2006) , sonication/ozone treatment followed by mixed microbial consortium to treat distillery waste water has been tried with some success (Sangave et al., 2007) . Decolorization and detoxification of molasses spent wash with lignin-degrading fungi has been reported (Miyata et al., 2000; D'SouzaTiclo et al., 2006; Raghukumar et al., 2006; Thakker et al., 2006) . Although removal of metals and decolorization of dye-containing effluents through biosorption has been extremely successful (Gadd, 2009; Prigione et al., 2008; Verma et al., 2010) , its use in treatment of molasses-based effluents has not been reported widely. Such a hybrid technology combining sonication followed by whole-culture treatment for decolorization and detoxification and subsequent biosorption of the residual color eliminates use of chemicals as is generally practiced in advanced oxidation processes. The successful application of the same three step-process for treatment of four different effluents strengthens our findings. Besides, it will offer a huge saving in precious fresh water used for diluting the effluent before its release for meeting the zero discharge regulation of pollution control boards.
Conclusion
Sonication of the molasses-based effluents in the first step removed the foul odor and turbidity. It increased their accessibility to enzymatic biodegradation by the ligninolytic fungus in the next step. This was evident from enhanced reduction in color, COD, total phenolics and toxicity. Biosorption using heat-killed wet biomass of the same fungus decolorized the effluent further. Thus, a three step combinatorial technology for decolorization and detoxification of recalcitrant molasses-based pollutants is recommended. Figures   Fig. 1 . Visible and UV spectra of the four effluents; untreated ( ), after sonication ( ), after treatment with the whole fungus ( ) and after biosorption with wet, heat-killed biomass ( ).
Legends to the
The UV and visible spectra were taken at different dilutions. The insets indicate the initial and final colors of the effluents. Step 2, day 9; E) Step 3 (biosorption), 2 h. 
